Abstract-The prospect of ultra-massive multiple-input multiple-output (UM-MIMO) technology to combat the distance problem at the Terahertz (THz) band is considered. It is well-known that the very large available bandwidths at THz frequencies come at the cost of severe propagation losses and power limitations, which result in very short communication distances. Recently, graphene-based plasmonic nano-antenna arrays that can accommodate hundreds of antenna elements in a few millimeters have been proposed. While such arrays enable efficient beamforming that can increase the communication range, they fail to provide sufficient spatial degrees of freedom for spatial multiplexing. In this paper, we examine spatial modulation (SM) techniques that can leverage the properties of densely packed configurable arrays of subarrays of nanoantennas, to increase capacity and spectral efficiency, while maintaining acceptable beamforming performance. Depending on the communication distance and the frequency of operation, a specific SM configuration that ensures good channel conditions is recommended. We analyze the performance of the proposed schemes theoretically and numerically in terms of symbol and bit error rates, where significant gains are observed compared to conventional SM. We demonstrate that SM at very high frequencies is a feasible paradigm, and we motivate several extensions that can make THz-band SM a future research trend.
I. INTRODUCTION
T ERAHERTZ (THz)-band communications [1] , [2] are expected to play a pivotal role in the upcoming sixth generation (6G) of wireless mobile communications [3] , [4] . Exploiting the large available bandwidths at the THz band between 0.03 THz and 10 THz, unlike at the millimeterwave (mmWave) band [5] between 30 gigahertz (GHz) and 300 GHz, has the potential to sustain terabit (Tb)/second data rate demands for many years to come. Since the THz band is conveniently situated between the microwave and optical bands, there has been growing interest among researchers on both sides of the spectrum to develop novel solutions for realizing THz communication infrastructures. For instance, one of the IEEE 802.15 wireless personal area networks (WPAN) study group's missions is to explore high-frequency ranges that support multi-gigabit (Gb)/second and Tb/second links. To this end, a THz interest group (IGthz) [6] has been recently formed, and several experiments on THz wave propagation have been conducted. Due to the absence of compact THz signal sources and detectors that can operate at room temperature with high power and sensitivity (the so-called "THz gap"), THz-band applications have traditionally been in the areas of imaging and sensing [7] , [8] . Recent advancements in transceiver design, however, have allowed efficient THz signal generation, modulation and radiation. Hence, communication-based THz-band use cases are anticipated [9] . In particular, THz communications can be used as alternatives to wired backbone connectivity in data centers [10] or as part of large intelligent surface deployments [11] . The holy grail of THz communications, however, is enabling mobile wireless mid-range communications [1] - [4] , in the context of device-to-device, drone-to-drone, vehicular, or personal communications.
A variety of integrated electronic and photonic solutions for THz transceiver design have been proposed. Typical electronic solutions are based on silicon complementary metal-oxidesemiconductor (CMOS) technology [12] , [13] , and III-V-based semiconductors, such as heterojunction bipolar transistors (HBTs) [14] , high electron mobility transistors (HEMT) [15] , and Schottky diodes [16] . On the other hand, photonic solutions include uni-traveling carrier photodiodes [17] , photoconductive antennas [18] , optical downconversion systems [19] and quantum cascade lasers [20] . Furthermore, integrated hybrid electronic-photonic systems [21] have been proposed. In general, the target has shifted from designing perfect THz devices to designing efficient and programmable devices that are capable of satisfying emerging system-level properties.
However, plasmonic solutions, based on novel materials such as graphene [22] - [25] , are currently being celebrated as the technology of choice at the THz band. Plasmonic materials possess superior electrical properties, such as very high electron mobility, and they support electron tunability and reconfigurability. In particular, plasmonic antennas support surface plasmon polariton (SPP) waves [26] , [27] , which have much smaller resonant wavelengths than free space waves, resulting in flexible and compact designs. Graphene-based sub-micrometric HEMT transistors can generate SPP waves, and a combination of plasmonic waveguides [28] and phase controllers [29] can deliver these signals to the desired antenna 0733-8716 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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elements (AEs). Despite the fact that this approach is hindered by the low power of nano-transceivers [30] and short propagation length of SPP waves [27] , the small size of plasmonic sources allows them to be directly attached to each AE [31] , resulting in simplified efficient fully digital architectures. Before THz communications can be realized, many more challenges need to be addressed from a communication system and signal processing perspective. For example, the very high propagation losses and power limitations at the THz-band result in very short communication distances. This problem can be mitigated by utilizing very dense nano-antenna arrays that provide high beamforming gains [32] . In particular, building on a similar proposal [33] for mmWave systems, a THz ultra-massive multiple-input multiple-output (UM-MIMO) solution that utilizes an arrayof-subarrays (AoSA) of graphene-based nano-transceivers has been proposed [31] , [34] . Similarly, frequency-dependent molecular absorptions result in band-splitting and bandwidth reduction at relatively large distances. To combat this problem, distance-aware and distance-adaptive solutions have been proposed, that optimize waveform design [35] , resource allocation [36] and beamforming [37] . Channel modeling at the THz-band is also a challenge due to the lack of realistic channel measurements (except for recently reported measurements up to 140 GHz [38] ). Nevertheless, ray-tracing-based channel models that assume the channel to be sparsely scattered and dominated by the line-of-sight (LoS) component have been proposed for graphene-based systems [39] - [42] .
The AoSA architecture [31] , [34] , [42] provides the flexibility to trade beamforming with multiplexing, for better communication range or spectral efficiency. Also, plasmonic nano-antenna spacings can be significantly reduced while still avoiding mutual coupling effects [43] . In this paper, we address this trade-off between system performance and antenna design compactness. While compact designs are tempting, larger antenna separations result in better spatial diversity and spatial sampling, which enhances the performance of spatial multiplexing (SMX) and beamforming, respectively. One solution that could reap these benefits exploits the tunability property of plasmonics in a multicarrier design [44] , where an interleaved antenna frequency map can maintain minimum spatial separations between samefrequency antennas while keeping all antenna elements (AEs) concurrently active. However, this is not a spectrum-efficient solution.
In this paper, we introduce and investigate the concept of spatial modulation (SM) [45] as a spectrum and powerefficient paradigm for THz UM-MIMO. To the best of our knowledge, SM at the THz-band has never been addressed in the literature. Hence, this article aims at advocating this paradigm as a future research trend. In fact, SM at very high frequencies is challenging because of LoS-dominance [46] . 
II. SYSTEM MODEL
We consider a three-dimensional UM-MIMO system model for graphene-based plasmonic nano-antennas as described in [42] . The antennas consist of active graphene elements over a common metallic ground layer, with a dielectric layer in between. The AoSAs [47] at the transmitting and receiving sides consist of M t × N t and M r × N r SAs, respectively. Furthermore, we consider each SA to consist of a Q×Q set of nano-AEs. The resultant configuration can be represented as a [48] by vectorizing the two-dimensional antenna indices on each side. Note that this configuration differs from conventional asymmetric massive MIMO, with large antenna arrays at a transmitting base station and typically single-antenna users at the receiving side. We denote by δ and Δ the distances between two adjacent nano-AEs and two adjacent SAs, respectively, at both the transmitter and the receiver sides, without loss of generality.
We assume single-carrier LoS transmission with frequency flat fading. The end-to-end baseband system model at a specific frequency can be expressed as T ∈ X Ns×1 is the informationbearing modulated symbol vector, with symbols belonging to the same quadrature amplitude modulation (QAM)
MrNr×MtNt is the channel matrix, W t ∈ R Ns×MtNt and W r ∈ R Mr Nr ×Ns are the baseband precoder and combiner matrices, which define SA utilization, and n ∈ C MrNr×1 is the additive white Gaussian noise (AWGN) vector of power σ 2 . Each SA is assumed to generate a single beam due to beamforming at the level of AEs. An element of H, h mr nr,mtnt , the frequency response between the (m t , n t ) and (m r , n r ) SAs, is thus defined as
where α is the path gain, a t and a r are the transmit and receive SA steering vectors, G t and G r are the transmit and receive antenna gains of the Friis formula [49] , and φ t ,θ t and φ r ,θ r are the transmit and receive angles of departure and arrival, respectively, with φ's being the azimuth angles and θ's the elevation angles. The steering vectors can be expressed in terms of
, the mutual coupling matrices of transmit and receive graphene-based arrays, as a t (φ t , θ t ) = C t a 0 (φ t , θ t ) and a r (φ r , θ r ) = C r a 0 (φ r , θ r ). Note that we neglect the effect of mutual coupling in the remainder of this work (C t = C r = I Q 2 ) by assuming δ ≥ λ spp [43] , where λ spp is the SPP wavelength (λ spp is much smaller than λ, the free-space wavelength). The ideal transmit SA steering vector is defined as
where the phase shift corresponding to AE (p, q) is
, and ψ (p,q) z being the coordinate positions of AEs in the three-dimensional space. At the receiver side, a 0 (φ r , θ r ) can be similarly defined. For simplicity and without loss of generality, we assume symmetry in the remainder of this work, i.e., we assume
The resultant AoSA is illustrated in Fig. 1 . Assuming normalized symbols (E[x H x] = 1) and perfect beamforming-angle alignment, the signal-to-noise-ratio (SNR) per stream can be expressed as
Beamfoarming makes the SA the basic and smallest addressable component of this model. However, nano-AEs can still be individually addressed in a fully digital design when Q = 1, but the resultant architecture is much more complex.
III. CHANNEL CONDITION AT THE THZ-BAND
Signal propagation at THz frequencies is quasi-optical. Due to large reflection losses, the channel is dominated by the LoS path, and possibly very few, if any, non-LoS (NLoS) reflected rays. Scattered and refracted rays can be neglected. The frequency-dependent LoS path gain is
where f is the frequency of operation, c is the speed of light in vacuum, d mrnr ,mtnt is the distance between the transmitting and receiving SAs, and K(f ) is the absorption coefficient [39] . Due to the beamforming gain, a single dominant ray exists between the transmitting and receiving SAs. We hereby assume this to be the LoS path.
Supporting simultaneous transmission of multiple data streams at lower frequencies, up to a few GHz, can be easily achieved. This is facilitated by rich scattering at such frequencies which results in high-rank channel matrices. However, a LoS channel at low frequencies can only possess a single spatial degree of freedom. Nevertheless, achieving good multiplexing gains in strong LoS environments at very high frequencies is feasible. The latter is true when antenna spacings are much larger than the operating wavelength, which is a manageable design constraint. The optimal (largest) number of spatial degrees of freedom (DoF) in a LoS environment at high frequencies is achieved by sparse antenna arrays [33] that result in sparse multipath environments.
As per our notation, these arrays can be constructed by tuning the SA spacing Δ, such that orthogonal eigenmodes are produced in SMX, which generates spatially uncorrelated channel matrices. The optimal Δ is a function of λ and d, where shorter λ and smaller d both lead to a smaller optimal antenna separation. For SM, similar high rank channels are required. The relation between channel condition and design compactness in a SM setup was previously formulated as an optimization problem at mmWave [46] , in the context of optimal maximum likelihood (ML) detection. We hereby analyze this trade-off at the THz-band.
For uniformly spaced AoSAs, the effective distance d mrnr ,mtnt can be expressed in terms of the communication range D, which is the distance between the centers of transmitting and receiving antenna arrays, as
. Hence, the channel gain can be approximated as
The capacity of our M 2 × M 2 MIMO system is maximized when all M singular values of H are equal, which is the case when all columns of H are orthogonal. Let (m t = k, n t = l) and (m t =ḱ, n t =ĺ) be the coordinates of two arbitrary transmitting SAs. Neglecting antenna gains, the inner product between the corresponding channel columns is
The channels are orthogonal when this product is zero, i.e., for an optimal value of Δ
for integer values of z. Hence, condition (4) guarantees optimal AoSA design. Note that the same condition was observed in [50] , for uniform rectangular arrays in low-frequency LoS systems, by maximizing the channel matrix determinant as a means to maximize capacity. The channel condition number [51] , which is the ratio of the largest to the smallest singular value of H, is illustrated in figures 2 and 3, at 1 THz and 3 THz, respectively, as a function of Δ and D. The smaller the singular value is, the better conditioned the channels are (preferably < 10 dB). Two regions of operation can be seen (separated by a red line). In Region 1, Δ is sufficiently large compared to D (relatively short communication ranges), which makes different paths between transmitting and receiving SAs sufficiently distinct, and hence the channel is always well-conditioned. In Region 2, however, for relatively large communication ranges, the channel paths become highly correlated. The low-value curves (dark blue curves in Fig. 2 and surf dips in Fig. 3 ) are simply plots of (4) for different values of z, which correspond to the cases when all singular values of H are equal (the curves are denser at higher frequencies). At these locations, the singular values correspond to eigenchannels over which multiple data streams can be transmitted (in SMX) or modulated (SM).
The path loss is then illustrated in Fig. 4 , versus frequency over the THz band, for different communication ranges. The path loss is dominated by spikes resulting from molecular absorptions, mainly due to water vapor. The equations that describe the attenuations due to such absorptions are detailed in [39] , where all required data can be extracted from the high resolution transmission (HITRAN) [52] database. Note that for distances beyond 1 m and frequencies higher than 1 THz, the available spectrum shrinks and splits into multiple smaller sub-bands (in which channels behave as flat). The achievable bandwidth is thus distance dependent.
However, this is not the only effect that molecular absorption has on the system. In fact, such absorptions are typically followed by re-radiations with negligible frequency shifts. This phenomenon is assumed to result in favorable rich scattering in [53] . Nevertheless, a more realistic model lumps the effect of such coherent re-radiations in a molecular absorption noise factor [39] . Consequently, and since graphene-based electronic devices are low-noise in nature [54] , n is dominated by the channel-induced component at spike locations, and the resultant noise is colored over frequency. Unless explicitly stated, all analysis and numerical results in the remainder of this work assume operations in absorption-free spectrum windows, i.e., K(f ) = 0 and the noise is N (0, σ 2 ).
IV. PROPOSED SM SCHEMES
Depending on inter-antenna separations and the communication range, we define two modes of operation. The first mode corresponds to operations in Region 1. Here, we propose an adaptive two-level SM solution, in which antenna allocations are made at the level of SAs or AEs. In the second mode of operation (Region 2), we have D Δ, where the yellow peak curves of Fig. 2 must be avoided. For this mode, we propose an adaptive design based on a configurable graphene sheet that dynamically adjusts inter-antenna separations to satisfy condition (4). Note that in both modes, physical AE separations (δ) and dimensions are assumed to be fixed, as dictated by the target operational frequency of a specific chip. A frequency adaptive design is later motivated in Sec. VII-A.
A. Adaptive Hierarchical SM
For the first mode of operation, we slightly change the notation of Sec. II by assuming SM instead of beamforming at the level of AEs. This is well-founded for two reasons. First, short distance communications (D ≤ 1 m) do not require beamforming gains to combat path loss. Second, δ < Δ can also be sufficiently large for a given D, resulting in wellconditioned channels for SM at the AE level. We propose a generic hierarchical SM solution tailored for the peculiarities of the corresponding architecture. The total number of bits that can be transmitted in a single channel use is
N b be the binary vector that is transmitted over one symbol duration. We have:
is the bit representation of the selected SA,
is that of the selected AE, and b s ∈ {0, 1} log 2 (|X |) is that of the QAM symbol. Hence, the number of SAs, number of AEs, and constellation size can be traded for a target bit rate. While Δ is assumed to always satisfy first mode conditions, we monitor δ to decide whether SM is to be carried at the level of AE or SA. For example, if D < 20δ at 1 THz (roughly speaking based on the red line in Fig. 2) , hierarchical SM holds, and the corresponding channel dimension is
Otherwise, SM is retained at the level of SAs, where only the first antenna element in each SA can be activated. In the latter case, the channel dimension is M t N t × M r N r , and we have
This adaptive design can be aided by real-time feedback of a performance metric such as SER, or by simple decision thresholds that can be fetched from a training-based lookup table that is indexed by D and f . Selecting a symbol from the QAM constellation X based on the components of b s follows a Gray mapping criterion, similar to that used in the LongTerm Evolution (LTE) standard [55] , for example. We propose using the same mapper to map b m and b q to antenna locations, in a layered manner [56] , [57] , as shown in Fig. 5 .
At the receiver side, we assume perfect channel knowledge. The active AE (assuming SM at the level of AE) is estimated asl via maximum receive ratio combining (MRRC). The received vector first gets multiplied by the Hermitian conjugate of the channel matrix. Since the components of x are all zeroes except at the location of the active AE,l can be estimated as the index of the transformed received vector element that has the maximum magnitude. Hence, we have
where g l is the lth element of g. The detected transmitted symbolxl, thelth component of the detected vectorx, can then be obtained asxl
where β X arg min x∈X |β − x| is the slicing operator on constellation X . Finally, the SM demodulator performs bit demapping to recover the transmitted information.
B. Configurable Graphene Sheet
The fact that SM increases spectral efficiency by only the base-two logarithm of the number of antennas is understood to be a disadvantage compared to SMX, which increases spectral efficiency by a multiplicative factor equal to the number of transmit antennas. However, since the number of graphenebased AEs can be made very large at low costs and footprints, system efficiency can be retained with SM at the THz-band. To this end, we propose an architecture that consists of two large antenna arrays, one at the transmitter side and another at the receiver side, that can be reprogrammed in real time depending on system parameters. Such arrays are in effect two graphene sheets consisting of a sufficiently large number of antenna elements, that are uniformly separated by a distance δ. We assume, for simplicity, that these two sheets are matched (symmetric large MIMO). Hence, we limit the discussion to calculating transmit array parameters.
For the second mode of operation (Region 2), we consider a setting where the number, size, and corresponding locations of SAs are configurable. In the first configuration step, the number of AEs in a SA is determined. Depending on the frequency of operation, a specific power gain is required to combat the path loss at a specific communication distance. This can be provided by a combination of antenna gains and array gains (3). In particular, a path loss threshold P L th is defined based on the link budget [36] , [58] as P L th = P Tx + 10 log 10 (G t ) + 10 log 10 (G r ) + 20 log 10 (|α|) − γ th − 20 log 10 (σ), (7) where P Tx = 10 dBm is the transmit power, γ th = 10 dB is the threshold SNR, and 20 log 10 (σ) = −80 dBm (assuming absorption-free spectral windows). As shown in Fig. 4 , for frequencies less than 1 THz, P L th is 90 dB for D = 1 m, and 110 dB for D = 10 m. Hence, we should have 10 log 10 (G t )+ 10 log 10 (G r ) + 20 log 10 (|α|) equal to 10 dBi in the former case, and 20 dBi in the latter, where the term 20 log 10 (|α|) embeds the array gain. Based on the required array gain, the number of AEs Q for beamforming is determined. For example, under perfect beamforming angle synchronization, a 64-element SA with Q = 8 can provide an 18 dB array gain. The second configuration step consists of finding the optimal antenna spacing. Note that δ = λ/2 can be retained as the best (maximum acceptable) AE separation within a SA, which maximizes the beamforming gain while avoiding grating lobe effects [59] . However, Δ should be adapted for each D as per (4) . A target Δ opt is thus achieved with a resolution of ±δ/2 by activating subarrays that areΔ apart, wherē
Note that at the receiver side, the operations of equations (5) and (6) hold for this design, but for values l = 1, · · · , M 2 , with M 2 being the number of active SAs in the sheet, since beamforming is always assumed within SAs.
The key for such flexibility in the design is the ability to control a specific subset of AEs, whether it is contiguous or not, and this is directly linked to the excitation mechanism. SPP wave excitation can be achieved through optical or electrical pumping. Optical pumping [60] , [61] is impractical due to the need for external lasers, such as quantum cascade lasers or infra-red lasers. These lasers have relatively large apertures, and hence they can only feed a not-so-small number of AEs at the same time. On the other hand, electrical pumping can be achieved via graphene-based sub-micrometric high-electron mobility transistors (HEMTs). Following signal generation by HEMT nano-transceivers, a combination of plasmonic waveguides [28] and phase controllers [29] delivers these signals to the desired AEs. However, the latter approach is hindered by the low power (a few microwatts) of nanotransceivers [30] , as well as the short propagation length (a few wavelengths) of SPP waves [27] . Nevertheless, it is argued [31] that since such plasmonic sources are very small, they can be directly attached to each AE, which results in high radiated power.
Attaching plasmonic sources to nano-antennas results in a simplified fully-digital architecture, in which each AE can be individually controlled. This is accounted for in our system model by the precoding and combining matrices, W t and W r of (2), when Q = 1. However, the ability to fully control the graphene sheet comes at a hardware cost, since a separate radio frequency (RF) chain would be required to feed each AE. Nevertheless, with Q > 1, the proposed schemes are hybrid SM [62] , in which only one RF chain needs to be activated per SA, which significantly reduces power consumption.
V. PERFORMANCE ANALYSIS
An upper bound on the SER performance of SM can be derived using the pairwise error probability (PEP), P (x →ẋ), which is the probability of erroneously deciding on a vectoṙ x when the true transmitted vector is x. We have [63] , [64] :
This bound is calculated by summing the PEPs of all possible combinations of symbol vectors and averaging over H. Note that for a THz-band LoS environment, we do not assume channel fading of a specific distribution, but rather a deterministic channel. Hence, averaging over H is not required. This bound corresponds to the case of optimal ML detection [63] , where antenna indices and symbols are jointly detected by exhaustively searching over all their possible combinations. This is computationally intensive in an UM-MIMO setup.
In this work, we only consider MRRC as a detection scheme, in which the antenna index and the transmitted symbol are separately detected. In fact, MRRC acts as an upper bound on the achievable error rate performance of more sophisticated detectors [65] . In the following, we formulate theoretical SER equations that approximate the performance of our proposed solutions. We limit the analysis to the more elaborate second mode of operation (Region 2). Following a similar formulation for SM over Rayleigh fading channels at low frequencies [45] , we note that the sources of error in MRRC are of two types: erroneously estimating the antenna number (SA or AE), and erroneously detecting the transmitted symbol. We denote by P a the probability of the former and by P s the probability of the latter. The overall SER probability P e can be expressed as
Here again, due to LoS dominance, H is deterministic and no averaging is required to compute P s . The SER of a square |X |-QAM in the presence of AWGN is
be the vector of normalized positive real-part (or imaginarypart) components of a QAM constellation, where Γ = 1/( 2(|X | − 1)/3). P a can be expressed as
whereP a is the average probability of antenna estimation error over μ (average error when only considering either the real or the imaginary part of the symbols), and P (μ i ) is the probability of antenna estimation error given a specific μ i . Let h k be the channel column vector that consists of the channel coefficients from the selected transmitting SA k to all receiving SAs. The effective received vector, assuming identity precoding and combining matrices, is y = h k x k + n. After MRRC, g can be expressed as
Since in Region 2 near-orthogonality is guaranteed, we have
where is a complex number with a near-zero absolute value. Hence, the distribution of all elements l of g can be approximated as N (μ l,i ,σ 2 ) = N (0,σ 2 ) (σ 2 is a scaled noise variance due to MRRC), except for the kth element, which behaves as
The probability density function (pdf) of the random variable v = |g l | is the folded normal distribution
Furthermore, computing the estimate SA positionl (6) is equivalent to searching for the element with the largest absolute value in a set of M t × N t elements. Hence, this can be captured by evaluating the pdfs of sorted random variables of pdfs f V (v|μ l,i ,σ 2 ) and cumulative density functions F V (v|μ l,i ,σ 2 ), but different means, via order statistics and by analogy with [45] , we have
where v t 's denote the intersection points between the plot of f V (M t N t ) (v|μ MtNt,i ,σ 2 ) and the plots of f V (j) (v|0,σ 2 )'s. Substituting back in equations (9) and (8), P e can be obtained.
VI. NUMERICAL RESULTS
We simulated the proposed SM schemes following the system model of Sec. II. Theoretical versus simulated SER plots are shown in Fig. 6 , for a 16×16 MIMO system (M = 4) with 16-QAM, at 1 THz and 3 THz, and for D = 1 m. The second mode of operation was assumed, with Δ tuning as per (4) . The simulation and analytical results are in close agreement for all components of error probability, P e , P a , and P s . It is shown that increasing the frequency of operation from 1 THz to 3 THz results in a 10 dB loss in SNR. Note that no beamforming was assumed for these plots. Hence, a combination of array gains, transmit antenna gains and receive antenna gains can shift the high SNR values down.
The relative bit error rate (BER) performance of the proposed schemes is illustrated in figures 7 and 8, with different communication ranges at 1 THz, for 16 × 16 MIMO (M = 4) with 64-QAM and 64 × 64 MIMO (M = 8) with 64-QAM, respectively. While the first mode of operation (Region 1) guarantees good performance due to average good channel conditions, the second mode (Region 2 optimized: operations in Region 2 with proper tuning of Δ) achieves the best performance. Furthermore, both modes significantly outperform the case of operating in Region 2 without optimizing antenna spacing (risk of operating near the yellow curves of Fig. 2) . The performance of the latter becomes severely distorted and diverges at high SNR, which emphasizes the importance of our proposed solutions. We noted the same relative performances at D = 1 m and D = 5 m, with an SNR gap between the two that is similar to that between operations at 1 THz and 3 THz. Finally, Fig. 9 shows the results for a 64 × 64 MIMO system when 1024-element SAs are assumed (Q = 32), which introduce a 30 dB array gain. We note the same relative performance but at a much lower SNR range. This illustrates the importance of UM-MIMO at the THz-band. Alongside SM, Fig. 9 illustrates reference SMX BER curves. Note that antenna-spacing optimization similarly enhances the performance of SMX. In fact, SMX is more sensitive to channel conditions than SM. While SMX slightly outperforms SM under optimal channel conditions, its performance is severely deteriorated otherwise. This further promotes SM as an efficient THz-band paradigm.
VII. EXTENSIONS
Having introduced and analyzed THz-band SM, we next present possible future research directions that can overcome the limitations of our proposed solutions, and that can pave the way for efficient utilization of the spatial degrees of freedom at very high frequencies. 
A. Frequency-Interleaved Antenna Maps
The distance between two graphene-based plasmonic nanoAEs can be set to δ = λ spp , which is much smaller than that in metallic antennas, while still avoiding mutual coupling effects [43] . This is due to a confinement factor
In particular, η = 25 for graphene [67] . SPP waves are electromagnetic waves that propagate in the interface between a metal and a dielectric, due to global oscillations of electric charges, at a much lower speed compared to electromagnetic waves in free space; hence the confinement factor. While such confinement results in favorably dense packaging, it also results in limited beamforming gains due to inadequate spatial sampling. In order to maximize the beamforming gain and minimize side lobes, a rule of thump is to set δ = λ/2 λ spp . Hence, to maintain a compact design while respecting minimal separations, a solution is proposed [44] in which non-contiguous nano-AEs are tuned to identical frequencies, while nano-antennas at different frequencies are interleaved in between, along both axes. Similarly, much larger same-frequency SA separations Δ are required to achieve good multiplexing or SM gains. Therefore, a sparse interleaved antenna map that can accommodate a wider range of operating frequencies is required.
Illustrations of frequency-interleaved AoSAs are shown in figures 10 and 11, in which interleaving is performed at the level of AEs and SAs, respectively. Note that these schematics are not drawn to scale. In Fig. 10 , the effective same-frequency inter-AE separation is retained at δ = λ/2, and multiple AEs are fit in between. In Fig. 11 , same-frequency AEs are also set λ/2 apart, to achieve good beamforming gains, but same frequency SAs are activated at a sufficiently large Δ as per our optimization. Nevertheless, these two maps can be combined, where interleaving can be introduced at both levels, but at the expense of higher complexity. Noting that the characteristic length of each AE is L = λ spp /2 [44] , the footprint of the active part of the graphene sheet can be computed as
The key enabler for such frequency-interleaved maps is the ability to dynamically tune each AE to a specific resonant frequency without modifying its physical dimensions. This can be achieved by modifying the conductivity of these elements, which is a function of the Fermi energy of graphene. Simple material doping can thus modify the Fermi energy and tune an AE. Electrostatic bias is also a viable alternative. However, at relatively lower frequencies, say f < 1 THz, such tunability is not easily realized because of the limitations of plasmonic antennas. Therefore, software-defined plasmonic metamaterials [68] have been proposed as an alternative solution.
B. Relaxing Ideal Assumptions
Due to severe propagation properties and high beamforming gains at the THz-band, we only assume a LoS component in our system model. However, to be more precise, we can account for a few additional reflected rays. The frequencydependent NLoS path gain can be expressed as mr nr,mtnt are the distances between the reflector and the transmitter and the reflector and the receiver, respectively. The value of the path loss threshold P L th in equation (7) decreases by taking advantage of multipath components. Moreover, equation (1) can be modified accordingly by employing Rician fading [69] .
Several other assumptions have been made in this paper, which can be relaxed in future works. For example, we can account for channel correlation by using the Kronecker model [70] , [71] . Also, we can propose novel models to approximate RF impairments, which are not yet very well understood for THz-band tranceivers. More importantly, imperfect channel estimation can be taken into consideration. In fact, obtaining channel state information at very high frequencies is very challenging. A solution [72] is proposed in this regard in the context of THz beamspace massive MIMO, in which fast channel tracking mechanisms are applied. Such solutions can be combined with other findings on channel estimation for SM [73] , [74] . Furthermore, the effect of blockage at high frequencies should not be neglected. In fact, blockage can generate over the medium due to obstacles that block narrow beams, or at the source due to suspended particles at the antenna arrays that can block small AEs [75] .
Another stringent assumption of this work is assuming carrier-based modulation. While continuous transmission is supported by plasmonic antennas at the low-THz postmmWave range, it is still very difficult to generate more than short pulses with graphene at room temperature. Time-domain pulse-based single-carrier modulation can thus be used, with a frequency response over the THz band, and with a corresponding power in the order of a few milli-watts. Since this power is not sufficient for long-distance communications, nano-scale applications are typical candidates for pulse-based modulation. To this end, pulse-based asymmetric on-off keying modulation spread in time (TS-OOK) is proposed in [76] , which consists of trading very short pulses (one hundred femtosecond-long) among nano-devices as a logic 1. This scheme supports a very large number of nano-devices that can transmit at very high rates, ranging from few Gb/sec to few Tb/sec.
Note that adaptive systems at the THz-band can change modulation types depending on system and channel conditions. An interesting signal processing exercise would then be to blindly estimate these modulations at the receiver side [77] , in an extension to the well-investigated modulation classification problem. Furthermore, the proposed solutions of this work can be adapted to pulse-based modulations by borrowing results from optical SM [78] . However, judging by the pace of recent advancements in graphene-based technologies, it is expected that continuous modulation schemes over the high-THz spectrum will be supported in the not-too-distant future.
C. Generalized Spatial and Index Modulation
A straightforward extension of this work is to enable the selection of a specific combination of antennas at a specific instance, which would in effect be a form of generalized SM (GSM) [79] , [80] . In fact, GSM is particularly of interest at high frequencies due to the large number of AEs in small footprints. For an AoSA of our system model, the total number of transmitted bits in one channel use would be
where S is the number of AEs that can be simultaneously activated. The literature is rich in SM and GSM solutions for massive MIMO [81] , [82] . However, even more efficient lowcomplexity algorithms are required at such large scales. Furthermore, the frequency dimension can be exploited by assigning information bits to the interleaved maps of Sec. VII-A, to further increase the spectral efficiency. For example, the same AE can be assigned multiple frequencies at different uses, where each specific frequency is mapped to specific information bits. This approach is particularly efficient at the THz-band due to the large number of available spectral windows that are created by the absence of molecular absorption (Fig. 4) . The resultant scheme can be referred to as generalized index modulation (GIM), in which
where F is the number of available narrow frequency bands, andF is the number of frequency bands that can be simultaneously utilized. Note that N (GIM) b can be further increased if the frequency and spatial maps are jointly realized. The resultant scheme would guarantee best utilization of the available spectrum at the THz-band. Note, however, that the applicability of GIM is limited by the speed of frequency transitions, which is determined by the speed of change in Fermi energy, through material doping or electrostatic bias (fast frequency modulation rates are expected in future technologies). Furthermore, detecting information symbols from a huge number of possible combinations is challenging. A possible solution is to apply artificial intelligence and machine-learning techniques to determine the indices at the receiver.
D. Enhanced Detection and Coding Schemes
A plethora of SM detection algorithms can be studied in the context of THz communications that can trade performance with computational complexity. One possible detector can make use of the inherent hierarchy in the studied AoSA. For example, in the first mode of operation (Sec. IV-A), the SA index can be detected first, followed by detecting the AE index. Hence, MRRC can be used to detect the former, while ML detection treats the latter jointly with the transmitted symbol. This is motivated by the fact that having Δ > δ means that errors are more likely to occur at the AE level. The same concept can be extended to adaptive channel coding. Bits corresponding to AE indices can be protected by a stronger coding scheme, with more redundancy compared to the coding scheme that protects bits corresponding to SA indices.
Furthermore, in a GSM setup, more elaborate detection schemes should be considered, which can achieve near-optimal performance with reasonable complexity. Typical candidates are variations of large MIMO detection schemes. Recently proposed large MIMO detectors are based on lattice reduction [83] , message passing on graphical models [84] , Monte Carlo sampling [85] , local search criteria [86] , heuristic tabu search algorithms [87] , and sub-space decompositions [48] .
E. Optimization Problems
Antenna array design and resource allocation criteria can be formulated as optimization problems. Since the number of parameters that can be optimized is very large, such optimizations can be carried over selected sub-problem formulations. For example, in [44] , optimal allocation of frequencies to AEs is formulated, with the objective of maximizing capacity subject to the number of AEs, the number of available frequencies, antenna gains, array factors, beamsteering angles, and absorption coefficients. In other studies [35] , [36] , the pulse waveform design is optimized by adapting the number of frames and power allocation to combat the losses over a specific communication distance. Furthermore, beamforming at the THz-band can be optimized, as in [37] , where an adaptive hybrid beamforming scheme is proposed that is also distance-aware. Such optimization problems can be modified and appended with SM-specific constraints.
Finally, antenna array design optimization can be extended beyond the scope of this work, in which we assumed that the proposed graphene sheets are sufficiently large such thatΔ can always be secured. In fact, due to limited physical sizes at the transmitter and the receiver, near-orthogoal channels, and hence high multiplexing gains, can not be supported beyond a so-called Rayleigh distance. Point-to-point LoS communication beyond this distance has been studied for mmWave communications, for both uniform [88] and non-uniform [89] linear arrays. These studies can be extended in the context of configurable THz-band antennas. Nevertheless, spatial oversampling can be considered, in which AE separations can be decreased below λ spp . This oversampling is argued to decrease the spatio-temporal frequency-domain region of support of plane waves [90] , which results in multiple benefits such as reduced noise figures and increased linearity.
VIII. CONCLUSION
In this paper, the applicability of SM to THz-band communications have been studied. We first addressed the peculiarities of the THz channel by deriving the optimal antenna spacings that result in favorable propagation conditions. Following that, we proposed two SM modes of operation for an AoSA architecture of graphene-based antenna arrays.
We derived analytical closed-form SER equations to give further insight on the performance of the proposed solutions, and we demonstrated through empirical simulations that optimizing active AE positions results in significant performance enhancement. We concluded the paper by proposing several future research directions that could help in realizing THz-band SM.
